Technological advancement is a main driver for societal change. The Papua New Guinean (PNG) society is currently undergoing technological, economic, and social transformations, with first signs indicating the development of a local software engineering community. To characterise challenges and opportunities associated with a country's progress toward becoming a member of the global software engineering community, we set out to explore the situation in PNG. To this end, we organised a local software engineering workshop and invited students, educators and industry experts to participate. Besides collecting data by distributing a questionnaire (n=52) and by recording talks (n=3) during the workshop, we conducted an in-depth focus group session with local actors (n=5). Based on a thematic analysis of the resulting qualitative data, we present five themes that capture challenges and opportunities for PNG software engineers. We further discuss local implications for emerging societies such as PNG and global implications for software engineering in general.
INTRODUCTION
Advances in technology have the potential to transform societies [8] . As a society currently undergoing technological, economic, and social transformations, Papua New Guinea (PNG) enters the digital age and already shows signs indicating the development of a local software engineering community. The winner Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for third-party components of this work must be honored. For all other uses, contact the owner/author(s). ICSE 2020, May 23-29, 2020, Seoul, South Korea © 2019 Copyright held by the owner/author(s). of the 2018 APEC App Challenge, for example, was a local PNG software development team [1] . This development paves the way for economic development with opportunities for the young and talented members of the local society to develop software in areas such as natural resources, finance, healthcare, and education. Furthermore, such developments open the society up towards the global software engineering community, as local software engineers gain access to global platforms and tools.
While there is a large potential for digitisation to foster economic development, there are also challenges for the local software engineering community in emerging societies such as PNG. Those challenges include the accelerated pace of technological demands and the question of whether the local community can meet those demands. Complementing related work [32] , we set out to conduct a qualitative study with local members in PNG, exploring the current situation and possible future directions in that emerging society, using a systematic and scientific method.
To characterize the current state of software engineering in education, industry, and the broader society, we organised a software engineering workshop in PNG and conducted an empirical analysis based on three talk recordings, 52 questionnaire responses, and a focus group session with five participants. Through thematic analysis, we derived five themes that affect software engineering in PNG. From that analysis, we distill both a set of local as well as global implications. The novel contributions of our work are:
• A description of the current state of software engineering in education, industry, and the broader society in an emerging society.
• An assessment of challenges, possible solutions, and potential for further development in this setting.
BACKGROUND
In this section, we present background information on the economic situation and technological advancement in PNG as well as details of the local workshop we organised.
An Overview of PNG
According to the World Bank [35] , PNG has a remarkable diversity of geographic and natural resources. The country occupies the eastern half of the west pacific island of New Guinea, together with the smaller islands of New Britain, New Ireland, the autonomous region of Bougainville, and another 600 smaller islands and atolls. The overall economic growth performance has been consistent with the real Gross Domestic Product (GDP) per capita averaging 4% since the mid-2000s. However, the economy also faces challenges arising from lower global commodity prices. Sound macroeconomic management and more efficient service delivery are critical to ensure that development benefits reach a higher number of Papua New Guineans, particularly given that 87% of Papua New Guineans live in rural areas.
As an emerging society, PNG's population is young and growing. The growth trajectory and abundant resource potential provide a reliable platform for greater economic engagement with Asia and further abroad. The country's economy remains dominated by two broad resource-driven sectors:
• The agricultural, forestry, and fishing sectors, which engage most of the PNG labor force, and
• The minerals and energy extraction sector which accounts for the majority of export earnings and GDP.
The World Bank report also claims that, to diversify the PNG asset base and increase employment, investment is needed to strengthen capacity in institutions, physical infrastructure, and human capital. Furthermore, PNG has complex cultural dynamics deeply rooted in tribal and ethnic identity, traditional social institutions, and relationship to the land. The report points out that these dynamics are risk factors, but at the same time also provide a key platform for PNG's resilience.
Dawn of the Digital Age
PNG emerges into the digital age, a development that may foster access to life-enhancing services in areas such as health and education, but it may also serve as a catalyst for innovation and economic growth, with the promise of new jobs and increased tax revenues [16] . Typical for an emerging nation, PNG's Internet connectivity is currently very low but continuously improving. From 2010 until 2013, the Internet penetration increased from 1.3% to 6.5%. Since then, it further increased to 11.7% in 2016. This penetration is, however, significantly lower than in the neighbouring countries of Indonesia (54.7% in 2017) and Fiji (46.8% in 2017) [16] . This situation is about to improve with a new submarine fibre-optic cable connection to Australia, expected to be available by December 2019 [15] . This connection till then provides the capacity to serve the whole country.
Non-resource Technology-driven Economy
PNG's government is aware that the lack of financial inclusion, i.e. a more formalized economy, is a significant barrier to growth. The informal economy refers to employment that falls out of the formalized sector, for example, the production and sale of fresh foods [26] . In a government audit report released in 2018, PNG's informal economy was valued at 12 billion kina (US$3.5 billion), which is equivalent to approximately one-fifth of the GDP and about 60% of the non-resource GDP [17] . The report further found that 80% of PNG's adult population were employed informally, and that informal work generates 90% of household income. A large segment of the urban population is increasingly dependent on informal work that allows them to sustain their livelihoods by mitigating the increasing costs of living. A recent world bank report [3] titled "Slower Growth, Better Prospects" states that "performance in the non-resource economy-where the majority of businesses operate and where most people earn their living-has been less impressive. These enterprises tend to be small in size, informal, and inward-looking".
Considering the large number of people participating in the informal economy, the PNG government has begun to invest in Small to Medium Enterprises (SME) to advocate for financial inclusion [14] . For example, since mid-2017, banks have been actively promoting the distributed ledger technology blockchain for providing alternate forms of financial services. The progress, however, has been slow since. As of mid-2018, only about 9.2% of the population have access to some form of digital wallet [14] .
Other recent developments include initiatives such as the PNG digital Information Communication and Technology Cluster Association 1 , founded by young local software engineering SMEs. Those SMEs, together with the software engineering professionals that manage the local computer networks and software systems both in government bodies and private businesses, form the emerging local software engineering community of PNG.
The Software Engineering Perspective: BRIDGES 2019
To achieve our goals of describing the current state of software engineering in PNG along with challenges and potential solutions in education, industry, and the broader society, we conducted a qualitative study involving local actors from the emerging local software engineering community. To this end, we organized and hosted the International Workshop on BRIdging the Divides with Globally Engineered Software (BRIDGES). The workshop was held for three days in Port Moresby, the capital city of PNG and the largest city in the Pacific region. It was designed as a forum to encourage the exchange of ideas between the local and international software engineering community. This included invited talks by both local and international participants as well as extensive discussions. The workshop was supported by industry, government bodies, the University of Papua New Guinea (UPNG), and Nara Institute of Science and Technology (NAIST). The co-authors of this paper were either involved in the organisation of the workshop or contributed as invited international participants.
METHOD
The empirical results presented in this paper are grounded in three data sources: (i) recordings of talks given by local ICT professionals (n=3), (ii) survey responses based on questionnaires that we handed out during the first day of the workshop (n=52), and (iii) an in-depth focus group session organised on the last day of the workshop (n=5). Those data sources are connected, since emerging patterns we noticed after attending the talks and conducting a preliminary analysis of the survey responses informed our interview guidelines for the semi-structured focus group. Besides the data collection mentioned above, the workshop organisers were invited to visit UPNG to gain a better understanding of the current state of software engineering education in PNG and, in particular, the educational facilities provided.
Data Collection
As outlined above, the BRIDGES workshop allowed us to ground our empirical analysis in three data sources:
(1) Workshop Talks: Talks given by local ICT members were recorded for the analysis (see Table 2 ). All three talks ranged from 25 to 30 minutes and included interactive discussions with the audience afterwards. The invited talks and related discussions covered a broad range of perspectives ranging from government (S2), over industry (S3) to local infrastructure (S1). (2) Questionnaire-based Survey: Table 3 outlines the structure of the questionnaire we handed out to all workshop participants and to the participants of a startup meetup on the same day. The questionnaire was composed of four sections: The first section collected demographics of the participants, while the second section explored the educational background and related challenge and opportunities for PNG. The third section focused on tools and infrastructure, while the last section asked for a personal assessment of the current state and future of software engineering in PNG. We designed the questions to capture the main themes that we deemed to be relevant before conducting the workshop, aiming to capture opportunities and challenges of the current state of software engineering in education, industry, and the broader society of PNG. (3) Focus Group Discussion: A preliminary analysis of the survey responses and workshop talks informed the questions we used during the semi-structured focus group session (see Table 4 ). The participants for that session were recruited from workshop participants, trying to incorporate as diverse perspectives as possible (female vs. male, management vs. consulting, IT vs. non-IT, professional vs. student, large company vs. startup). The in-depth focus group "round table" discussion took place two days after we collected the survey responses, giving room for the preliminary data analysis mentioned above.
The whole data collection and analysis process was managed by all co-authors. The analysed qualitative data comprises 52 completed paper questionnaires and the recordings of the talks and the focus group session, yielding over three hours of audio data. Table 1 shows that most survey respondents were either high school or university students. This, together with inviting one student to participate, allowed us to reflect the perspective of the younger generation in the follow-up focus group session. However, our sample also included professional actors of the local software engineering community Those actors are represented in the survey as well as in the talks and the focus group session (see Table 2 ). When analysing the survey responses, we found that only four participants ever contributed to an open source software project. Experience working on closed-source (industry) projects was a bit more common, with eleven participants reporting experience in that area. In addition to being a high school or university student, participants reported roles such as "Web Services Officer", "Project/ICT Manager", "Founder/CEO", "Manager Software Development", and "Administrator". Unsurprisingly, spending time outside of PNG for education or work was more common for professionals and startup entrepreneurs than for students, with Australia being the most frequently mentioned destination. Having a formal degree related to software development was uncommon. Only half of the professionals had such a degree, three mentioned UPNG as their alma mater. Interestingly, only one startup participant reported having formal education related to software development.
Participants

Data Analysis
The audio recordings show a wide range of discussions on the prepared questions. We conducted an in-depth qualitative analysis based on our recordings of the talks and the focus group session. Following recent work [28] , we structured our analysis of the collected data based on the thematic analysis framework proposed by Braun and Clarke [6] . The analysis was conducted collaboratively by the first four authors. The remaining three authors were used as sanity checks to ensure that the analysis was consistent throughout the process. The process we followed undergoes six phases, which we explain in detail below. Phase 1. Familiarising yourself with your data. This phase involved transcribing data as well as reading and re-reading the data to note down initial ideas. It involved aggregation of the responses to the survey and transcribing the audio recordings of the focus group recordings. One author aggregated the respondent forms, while three other authors listened to the audio recordings. In a final round, a fourth author listened to the talks separatelybut note that all investigators attended and participated in all workshop activities in person.
Phase 2. Generating initial codes. The phase involved coding interesting features of the data in a systematic fashion across the whole dataset while collating data relevant to each potential theme.
The initial coding started from the analysis of the focus group and resulted in a total of 79 codes, including codes such as "not enough developers and designers" and "outside of Port Moresby, most education related to computers and IT is theory. " This analysis was later merged with and reinforced by the codes generated from the questionnaire responses and the talks of the workshop. For the initial coding, one of the authors carefully transcribed the recording from the focus group, assigning codes to the content in an iterative process. The extracted codes corresponded to a cohesive unit of content, roughly equivalent to a few sentences. Later on, the same author presented the results to two co-authors in a brainstorming session.
The survey responses were classified into the four demographic groups shown in Table 1 during an analysis session involving all investigators, which took place on the second day of the workshop. Based on that classification, a single author later analysed each group separately, summarising salient themes and extracting quotes related to those themes. This was later cross-checked and merged with the analysis of the focus groups codes. During this phase, each iteration was reported to all authors for scrutiny and review.
Phase 3. Searching for themes. In this phase, we collated codes into potential themes, gathering all data relevant to each potential theme. Using the codes generated from Phase 2, in Phase 3, three investigators held a round-table discussion to search for themes. Through discussion, a set of preliminary themes were collated. Three of the investigators discussed the distribution of codes across the transcript of the focus group and the relations between the codes and identified eight potential themes as salient. These eight themes were then reduced to five themes after discussion with all investigators. The themes along with statistics about how many of the original 79 codes from the focus group analysis belong to each theme are presented in the next section.
Phase 4. Reviewing themes. One author reviewed once again the audio recordings of the focus group and the talks as well as the summaries of the survey responses.
Phase 5. Defining and naming themes. In this step, two authors revisited the themes to define and give meaningful names to each theme. This was later presented to all investigators for review. Phase 6. Producing the analysis. In this phase, we produced the description of the themes presented in the next section, mixing the explanations of each theme with the most prominent quotes from the focus group and talks and data from our analysis of the survey responses. Following Creswell [10] , we additionally prepared a description of the themes to present back to participants to elicit their feedback. We contacted one of the participants (P1) to obtain feedback on whether the themes resonated with her, yielding a positive response. Table 5 summarises the themes which emerged from our analysis, together with the number of codes and number of focus group participants which contributed to each theme. As the table shows, each theme relates to codes that were assigned to quotes from at least three of the five focus group participants. An additional eight codes from the original annotation were used to inform the discussion of implications, cf. Section 6. Each theme was further augmented with data from the analysis of the survey responses and talks.
FINDINGS
Market focused on customising off-the-shelf software
A prominent theme that emerged from the data we collected was the characterisation of the unique market conditions for software development in PNG. As a result of limited capacity as well as company and government policies to buy off-the-shelf software, the market for software developers in PNG is relatively small and provides more opportunities for customisation than developing software from scratch:
"A lot of the bigger companies [...] buy off-the-shelf products.
[...] The products are normally standard offthe-shelf, and then they would be customised, but usually the vendor would provide the software development to the company; and the in-house software development team would have very minimal software development. They would most likely develop the intranet for the internal company or the website. " -P1
Overseas companies, often from nearby Australia, are the ones attempting to fill this gap, but this comes with costs related to software security, for example:
"Most of the technology companies that do come inmost of the tenders for many of these large projects, not just large projects, but any sort of custom software development project-are overseas. There's a lack of local capacities, and support and maintenance is provided by those companies off-shore as well. [...] Security is a big issue. If people in the company don't understand how the system is built, especially if it's a custom one, then you never know how the system is properly protected. " -P4
The size and nature of the software development market can also be traced back to limited resources and support for innovation. There is no incentive from any part to create these opportunities:
"We know that typically in most economies, there will be research and universities, those institutions to provide lab-to-market opportunities, but we just don't have that. The government's not playing that role. The private sector is not playing that role. There's no corporate innovation labs or R&D lab here. " -P1 For many software systems, e.g., the ones concerning human resources or taxes, substantial customisation is necessary to adapt overseas solutions to the local market in PNG due to differences in the systems between countries. While this could create a potential for the local software development market, such potential often remains untapped, and even startups focus on the customisation of existing technologies:
"So the opportunity is for us to develop it based on our rules or the way we do business, but because we don't have enough software developers or designers we can't be able to design systems that are fit for purpose. " -P1
The focus on customised off-the-shelf software can create inefficiencies in the market, especially when combined with insufficient training and high staff turnover:
"I've seen companies where we have sold to them good software, we have customised them to their needs. They've invested so much money in the software, but they have invested very little money in the training. Some of the organisations have a high staff turnover.
[...] We train the core team of ten, twelve guys, and when we come back after six months or one year, from the initial guys we trained, only three guys are remaining. " -P5
Hiring practices for software developers in PNG follow a similar schema to hiring practices elsewhere. Developers are often recruited out of university, and any proof of development experience is considered as part of hiring decisions. As a consequence of a few students and developers using online platforms such as GitHub and Stack Overflow, we found little evidence of online profiles being considered during the hiring process.
In the survey, five out of seven university students mentioned the Internet as an important resource for learning about software development outside of formal education. One student summarised their learning process as "90% from the internet, rest 10% from peers, friends". Further, eight professionals mentioned Internet-related resources, such as mailing lists, forums, and open communities. However, platforms such as GitHub, Stack Overflow, or even LinkedIn, were not explicitly mentioned.
Early stages of technological leapfrogging
Technological leapfrogging refers to the transit of countries from the condition of relative underdevelopment to that of an advanced industrial and technological state in a relatively short span of time [4] . This process typically follows three steps: (1) importing and absorbing highly modern technology, (2) replicating, producing, and improving the imported technology, and (3) moving on to innovations on one's own.
Our data suggest that PNG currently finds itself at the early stages of such technological leapfrogging. Education around highly modern technology has not yet reached all Papua New Guineans:
"Education is a big a thing. In PNG, amongst average Papua New Guineans, their idea of technology is just the Internet or Facebook or whatever they use. " -P4
To move further along the path to technological leapfrogging, digital technology and digital literacy need to be improved, as evidenced by this anecdote from one of our focus group participants:
"Last year when I was in another province of PNG, we ran a one week workshop for girls in ICT there. So we got girls from throughout that province from the high schools. And there were about 25 girls and three of the girls that attended had never touched a computer before. And they were literally scared to touch a computer because they thought they would break something. So not everyone has access to digital technology. [...] So access to digital technology is one and then digital literacy is another thing.
-P4
A side effect of limited digital literacy is the tendency to try to run before one can crawl, e.g., by investing in the latest technologies despite a lack of foundations: "We have all these conferences and dialogues about technology and digital economy and digital transformation and cybersecurity, all the buzzwords that we all love to use, but many of our leaders and people in high positions in corporate organizations don't really understand anything about any of the stuff that's being discussed. " -P4
Investments into the latest technologies do not necessarily trickle down to the software engineering community:
"A lot of our CEOs are traveling overseas and they're reading a lot of these in-flight magazines. So there's a lot of content on Blockchain. So right now there's so much money being pumped in here to bring Blockchain software developers into the country. [...] But it's not being translated down, we don't understand how we could use Blockchain when the Internet's not that good and we don't have the software engineering community. " -P1
A large barrier frequently mentioned in the talks, the survey responses, and the focus group is the high cost and low speed of the currently provided Internet infrastructure. Mobile Internet access, which is most commonly used, costs around 150 Papua New Guinean Kina per month (approx. US$45) for 30GB, unlimited access costs around 850 Kina per month (approx. US$250). Considering the fact that the gross national per capita income in PNG is US$2,386 [27] , many Papua New Guineans cannot easily access Internet resources such as Youtube or video-based online courses, because they always have to consider how much data quota they can afford to buy. Especially students mentioned the infrastructure in PNG as a large barrier, mentioning the (lack of) facilities in schools and access to mobile phones and the Internet. Six professionals pointed to similar issues, but additionally to the lack of government support.
An interesting observation regarding the future perspectives that our participants provided is that, despite the general potential for growth in the area of software development in PNG, especially the university students also see potential value beyond purely economic motivations. They mentioned, for example, that software systems will make it "easier to communicate", that they will promote "efficiency in the industry and society in PNG", and "improve government processes and services". Other participants pointed to the general potential of "open source software" and "learning online".
As mentioned in the background information on PNG, current initiatives aim at lowering the barriers associated with Internet infrastructure (see Section 2), with the hope to foster software development in the country:
"There is no point to build a big highway (internet cable), [when] there are no cars (applications) to ride on that highway. We hope this workshop can give our people incentive to build software to put the cars on this road. We hope our people can build software that puts traffic on what we are building. " -S1 S1 belongs to the state-owned entity that has been commissioned by the government to build a fibre-based network that will connect all 22 provinces in PNG, enabling the implementation of data centers that are expected to benefit the business, education, and healthcare sectors.
To get to the next steps toward technological leapfrogging (i.e., the replication, production and improvement of imported technology), our findings point toward the important role of education, which we describe in the next section.
Limited software engineering training
With an adult literacy rate of 63.4% as of 2015 [19] , education unsurprisingly plays a large role in the advancement of PNG as an emerging society. The needs around software development education were summarised by one of our focus group participants as follows:
"I think we need specialised skills. From a graduate perspective, when we come out of uni, we only know the basics, we learn the general stuff-networking and programming, everything [...] From where I'm working now, there are IT people in the organisation, but I think they lack the specialised skill in software engineering so they can support the organisation and build something, build a system, instead of just the general knowledge of everything. " -P3 Computer Science education in PNG does not treat software engineering as a first-class topic, often mixing it in with other subjects, despite the undisputed need for software engineers in the country:
"We have things for people to do, but we don't have the people, so where's the gap?" -P2 In the survey, we asked participants about one thing they would change regarding software development education in PNG. University students mentioned the fact that there is no dedicated software engineering education as it is often mixed with courses close to computer hardware. One student put it like this: "Divide computer hardware classes from computer software classes to produce welltrained individuals in the specific fields". Interestingly, four high school students mentioned globalisation as an opportunity for education in PNG, for example by being "more involved in global technology than local technology". The same student continued by quoting the slogan "Why go local when you can go global". Six professionals mentioned changing the education system either by teaching coding early (in primary or high school) or by offering highereducation courses dedicated to software development.
Researchers and practitioners should be involved in designing an updated curriculum:
"It's just they're learning stuff that's not up-to-date to where the industry is today. The other thing is, a research-backed and industry-backed curriculum that's developed so that when our students graduate, they go out with the skills that are relevant to the world today. " -P4
In an emerging society that has only recently reached the new frontiers of the digital age due to its developing education base, finding mentors within the country is challenging: We investigate the potential role of local industry in supporting education in the next section.
Investment potential in local software engineers
Boardrooms of Papua New Guinean companies were characterised as "non-techy" by the participants of our focus group:
"If you see our executives, they are all fifty-plus, they are all old-school, they don't understand that tech plays an essential role in this day and age. [...] Our IT guys are lower down in the hierarchy, so they're not sitting with management. " -P2
As a consequence, companies do not invest in training through software engineering internships or joint courses with industry. While such internships exist in the mining sector, and mechanical and system engineering have internships and graduate programs, there are no internships in IT or software engineering. Investment in the local software engineering workforce would unarguably improve the quality of the software as well:
"So when it comes to software, because the people at the top don't understand, we don't design the software according to what the requirements are, so it usually comes out not the way we expect it to. " -P1
In our survey, especially startup participants mentioned the large potential in PNG, in particular for students and the "young generation", due to the "large need for customised applications" and the "shortage of skilled labour" in software engineering. Our survey participants, however, also pointed to challenges. One university student summarised the situation as follows:
"PNG is capable of developing software but we do not have the market available in PNG, which pushes good software developers to specialise in other areas like networking, hardware, infrastructure, etc. apart from developing software. "
Establish trust in local software engineers
Taken together, the limited dedicated software engineering training and investment in the local software engineering workforce lead to trust issues in the abilities of the local workforce-a classic "chicken-and-egg" problem: Trust will only increase once the workforce is well-educated, but at the moment, investment goes to foreign entities rather than the local workforce, as P4 highlights.
"If we tender for a project, like let's say the government, they're likely to get another firm outside, not a Papua New Guinean firm. " -P4 P5, who works as an overseas IT consultant and has been coming to the country on-and-off over the past five years, further shed light on the pay differences:
"The country applies double-standards. There are two different classes. If you come here [as a foreigner], you get ten times what the locals get. " -P5
Developing trust in the local software engineering workforce is as much a cultural issue as it is an education issue:
"The problem we have not only in PNG but in the Pacific Islands is we don't trust our own [...] we need to pay for someone to be an international person to join us so that they can trust us. [...] Because we don't trust our own qualification. It comes down to that. [...] The mentality is the answers are always outside rather than inside, so they would pay bigger amounts of money for someone outside rather than trusting someone inside. " -P1
DISCUSSION
To validate the themes that emerged from our analysis with an external framework, we mapped them to the four dimensions of the Global Human Capital Index [11] , similar to previous studies [23, 34] . Those four dimensions are Capacity, Deployment, Development, and Know-how.
Our first theme, "Market focused on customising off-the-shelf software", can be mapped to the Deployment dimension, which captures the skill application and accumulation among the adult population. Technological leapfrogging is related to Capacity, the level of formal education of younger and older generations as a result of past education investment. Our theme "Limited software engineering training" relates to Development, the formal education of the next-generation workforce and continued "upskilling" and "reskilling" of the current workforce. The theme "Investment potential in local software engineers" can be mapped to Know-how, the breadth and depth of specialized skills use at work. Interestingly, our last theme about establishing trust in local software engineers has no obvious equivalent among the dimensions of the Global Human Capital Index.
We further investigated the relationships between the themes and present them Figure 1 . Note that, while all themes are somewhat related, we focus on the relationships which were most prominent in our analysis. The figure illustrates some of the circular dependencies which can slow down progress in an emerging society, in particular between trust, training, and investment: Training requires investment, but investment in the local workforce requires trust that this workforce can fulfill the needs of society, which can only be achieved through training.
As our findings show, technological leapfrogging-the transit from relative underdevelopment to an advanced technological state in a short period of time-is often related to buzzwords. This kind of leapfrogging drives both market and investment, but training is required to provide the foundations for these technological advances. The market will benefit from advancements in any of the other areas: training will enable more individuals to actively participate in the market, investment will stimulate the market, and increased trust in the local workforce will lead to less outsourcing and more software development being done in PNG.
As these relationships show, multiple aspects are required to advance in parallel to make full use of the potential of PNG's software engineering industry. We discuss concrete implications based on our analysis in the next section.
IMPLICATIONS
PNG is undergoing a democratization of technology, i.e. a process by which access to technology rapidly continues to become more accessible to more people. Our work has revealed several implications for the society, including decision makers, software engineers, and entrepreneurs:
• Training PNG software engineers: Figure 1 shows that training plays a central role in the sustainability and advancement of the PNG software engineering community. Conducting short-term training to help onboarding local developers to create a local workforce capable of fulfilling the technical needs.
• Updating the education: Our findings indicate a need to update the existing curricula related to software development. The focus should be on upgrading the capacity of local educators as well as importing foreign education. This should be a higher priority than simply offshoring work, which can become costly in the long run.
• Internships for software engineers: Related to education, industry should invest in software engineering internship programs in collaboration with universities, further fostering the creation of a local software development workforce.
• Fostering global software development: Our findings indicate that supporting local actors to become members of the global software development community can contribute to the sustainability of software engineering in PNG. Such engagement could, for example, happen in the context of open source software, through contribution and knowledgesharing. Furthermore, stakeholders should increase support and lower barriers for startups, enabling them to become members of the global community.
Complementary, we present implications for researchers:
• Studies of emerging societies: There is still much research needed to understand the unique situation of software engineering in emerging societies. One step into this direction would be the replication of our work in other countries.
• Studies on how trust is established: Similar to Craggs and Rashid [9] , we also identified trust as a crucial concept in our study. Further research is needed on how to best establish trust in the local workforce in an emerging society, taking the important role of training investment into account.
• Software engineering processes and tools for customizing offthe-shelf software: There is not much research on how to best customise off-the-shelf software, e.g. for the unique legal and fiscal situation in different countries. Yet, we found that such software engineering challenges are highly relevant to a place like PNG.
• Studies on how global initiatives can assist an emerging society: Global initiatives such as Google Summer of Code (GSoC) are partly aimed at emerging societies, and have found large uptake in some of them. However, more work is needed to understand what the predictors are for the success of such programs in a given society, similar to a recent case study in Ireland [20] .
THREATS TO VALIDITY
A key threat to the validity of our work is that our collected data might not be a true representation of reality. To mitigate this, we performed a careful selection to ensure that key persons were represented in the study and conducted member checking of our findings. Our participants represent central groups of the software engineering community, including education, industry, and startups. We are confident that our implications will especially benefit the society in PNG. However, we cannot claim that our findings are representative of all emerging societies.
RELATED WORK
Recent literature has recognized that existing software engineering (SE) processes, methods and practice are not suitable for the direct application in emerging countries [24] ; in particular social and environmental factors affect the success of such projects [5] .
In this section we present the current literature concerning software development industry in emerging and undeveloped countries, including those studies reporting the factors that affect software industry in these countries, solutions proposed, and teaching strategies applied.
Challenges Affecting the Software Industry in Emerging Countries
There are several studies reporting the deficiencies in emerging countries, in different continents. In a study aiming to analyze a case of a Human-Computer Interaction in an Ethiopian organization, Teka et al. [31] summarizes the landscape of software development industry in the emerging countries. They reported that the industry is usually affected by low infrastructure, lack of manpower and technical problems or knowledge. In addition, they point out that these countries suffer from a lack of appropriate education and trained practitioners. They add that the culture in emerging countries might require different ways of product development that fit the cultural context. Other researchers also report specific cases in the context of countries in different continents. Stefanovic et al. [29] , for example, analysed the challenges in Serbia, and found that the software development sector lacks financial resources and that this industry is too small and underdeveloped, compared to the other countries surrounding it. The country also poses economic and legal barriers, problems attached to infrastructure and education. With the same purpose, Khaksar and Khaksar [18] analysed the current problems of the software industry in Iran. The author reported that external software is cheaper and more efficient than the internal one. They mentioned that the main forces that harm Iranian software industry revolve around: lack of capital resources (e.g., support of domestic banks, the financial status of the companies), lack of experienced and trained human resources, and literacy in software development and technology (outdated tools and knowledge). By analysing Nigeria and Sub-Saharan Africa, [22] report problems such as inadequate infrastructure (unreliable comm infra and power supply), shortage of educated and trained personnel, political and social environment as the key factors affecting the software industry in emerging countries. Still, [30] investigated the barriers in Sudan and Bailur and Sharma [2] the ones in the Small Island Developing States (the case of Mauritius) to develop IT and ITeS industries. Similarly to the previous studies, they found that the main issues are related to the country infrastructure, government policies (including economic and political factors), and cultural differences.
Solutions Proposed to Strengthen Software Industry in Emerging Countries
Some of the studies also report how to act in order to strengthen the software and the Information Technology industry in a way to benefit these countries. An important point highlighted in some studies is that there are special requirements that should be taken into consideration when dealing with developing (and undeveloped) countries: sustainability, affordability, socioeconomic justification and community participation [22, 31] . Khaksar and Khaksar [18] proposes the creation of financial and intellectual support from the government to facilitate the growth of the industry. They also mention providing incentives and raise awareness about the benefits of the open source software movement. Stefanovic et al. [29] provide a list of actions as part of their results, which included implementation of stimulation actions from the government (creation of a local ecosystem, quality policies for the sector), improvement of education and training, and development of telecommunication infrastructure. We can see that most of the problems reported are similar to those we uncovered in the current paper.
Reporting how the local industry can join the global market, Vlahović et al. [33] studied Croatia industry. Their results show that the Croatian industry consists of a big group of young small and medium companies, which adopted an agile approach as their main competitive edge. They reported that Croatia (and other emerging countries) are more prone to suffer from economic fluctuations. As a conclusion, they point that strengthening the software industry in emerging countries can bring a lot of positive aspects since it benefits the entire economy and that the key is the openness to a global market and having a solid infrastructure.
Some other authors point specifically to Open Source Software (OSS) as a trigger to the software industry in an emerging country. Emerging countries have to use OSS as a way to gain knowledge about the technology itself and as a way of creating technology products that fit their specific needs. In that article, the authors introduce a model of OSS based on its essential characteristics to understand how emerging countries may use OSS to achieve their development goals. They develop a taxonomy to help the development of more sensible policies to promote the use of open source in emerging countries [7] . Gakh [12] also report these advantages when discussing the landscape of Azerbaijan and Zanzibar. However, PNG has not embraced these advantages offered by OSS yet, as we could notice analyzing the work of Van Reijswoud et al. [32] .
In addition to the strategies mentioned above, we saw that one of the main strategies to foster the local software industry is reshaping education in emerging countries. Plane and Venter [25] compare capacity building frameworks for Computer Science education in emerging countries. They found that sustainability, the technological preparedness of students and language ability are major concerns from the educational perspective.
Osman [24] propose to reinforce the SE curriculum with local examples to ensure that teaching is connected with the local environment. They mention that there should be a balance between a curriculum of generic/international courses with the local context and content that is specific to each country. The authors also report the need of documenting the local reality, making it possible to bring this to the classroom. By analyzing the Indian reality, Garg and Varma [13] observed that students find SE techniques irrelevant to their academic projects, hence developing a mindset that SE is not applicable to real-world software development. This is in line with the findings in Sudan [13, 21] , in which the SE educators rarely have industrial experience and are unaware of the realities of the local software industry. Thus, they are unable to convincingly excite students about the subject matter or how it is applied.
Our results offer a landscape of the current state of software development in PNG, which contributes new evidence to the existing state-of-the-art. While the results of this paper echo most of the previous studies, our findings are in the specific context of PNG and are presented in a way that makes it possible to understand how the challenges relate to each other and where specific actions should be taken to explore the potential of the country.
CONCLUSIONS
The emerging society of PNG has only recently reached the frontiers of the digital age, with early signs of a local software engineering community. Through data collected and analysed as part of a software engineering workshop held in PNG, we contribute a characterisation of the current state of software engineering in education, industry, and the broader society in PNG, along with the identification of challenges and their potential solutions. We identify five closely connected themes (market characteristics, training, investment, trust, and technological leapfrogging) which we have used to describe the current state of software engineering in PNG and to point towards implications for the further advancement of software engineering in PNG.
